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ABSTRACT
TESTING AND CALIBRATION OF THE
IBEX LO-RES COLLIMATOR
By
Stephen Zaffke
University of New Hampshire, December, 2008

The Interstellar Boundary Explorer (IBEX) mission will provide full sky images
of Energetic Neutral Atoms (ENA's) from interstellar space. The Collimator is tasked to
restrict the Field of View (FOV) of IBEX, as well as repel ions up to lOkeV in energy to
a degree greater than 10M, and electrons up to 600eV to the same degree. This thesis
retests the capability of the Collimator to perform these functions, as well as improving
upon the testing procedures.

IX

CHAPTER 1
INTRODUCTION TO IBEX
SECTION 1-1: IBEX MISSION OVERVIEW

The Interstellar Boundary Explorer (IBEX) is a satellite mission which will study
the boundary layer between the Inter-Stellar Medium (ISM) and the solar wind.

T*«?$U>

i\XJ

Figure 1-1.1: Diagram of the heliosphere, showing the different layers of the heliospheric boundary
and shock fronts. The sources of Energetic Neutral Atoms (ENA) are also shown. Image used IBEX
mission website http://www.ibex.swri.edu/mission/strategy.shtml.

The solar wind travels radially outward from the sun at super-sonic speeds until it reaches
the Interstellar Boundary (ISB). In this region, at about 100 AU from the sun, the solar
wind is slowed from super-sonic to sub-sonic speeds. This creates a termination shock,
which is the region within which the solar wind and ISM interact. The IBEX mission is
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designed to collect and study inbound neutral particles from this region, using them to
take an image of the heliospheric boundary.
The neutral particles inbound from the ISB that can be detected from earth orbit
come from a variety of sources. The ISM is known to have a significant portion of H,
He, and O neutral atoms present (Lee, M. A. et al., Physical Processes in the Outer
Heliosphere (2008)) These species have a high ionization potential and thus a large
percentage will remain neutral in low energy plasmas such as in the immediate
interstellar region. These neutral atoms are not affected by the electric or magnetic fields
present in the boundary region and the solar wind (Interstellar Neutral Atoms in Figure 11.1). They stream into the heliosphere on straight trajectories affected only by the sun's
gravitation.
Solar wind particles can charge exchange with the neutral interstellar gas. When
this occurs in the ISB region some of these are sent back in toward the sun as Energetic
Neutral Atoms (ENA). The solar wind approaches the termination shock as a cold, fast
moving plasma. As it draws near the bulk velocity is slowed causing the temperature to
rise. This increases the random velocity of individual ions. These ions trajectories can
then be wound around magnetic field lines, effectively increasing their probability to
collide with neutral atoms and to charge exchange. The resulting ENA's will maintain
their energy and follow a straight path (Wurz, P., et al., IBEX Backgrounds and Signal to
Noise Ratio, Space Sci. Rev., subm. (2008)) (ENA in Figure 1-1.1). Due to the increase
in random velocity some of these particles will make it back in toward the sun and can be
detected by IBEX.
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Secondary neutral atoms are also created by interstellar ions in the outer
heliosheath (region outside between the heliopause and the bow shock in Figure 1-1.1).
Interstellar ions, such as H and O, will be slowed down as they approach the interstellar
boundary, in a similar process as the solar wind. This reduces their bulk velocity while
increasing their temperature, or random velocity (Wurz, P., et al.). These ions can charge
exchange into neutral particles, maintaining their new random velocities. Thus a random
percentage of these particles will have trajectories which lead them to earth to be
collected by the IBEX satellite.
The IBEX mission is to analyze these inbound neutral atoms to create an image of
the heliospheric boundary. Neutral atoms travel in straight lines analogous to photons.
Due to this, their origin can be extrapolated by correcting for gravitational effects. The
source can be determined by the velocity signature. Interstellar neutral atoms have a high
bulk velocity, represented in figure 1-1.2 by the peak height, and low random velocity,
represented by the narrow full-width half-max of the peak. ENA are the opposite (Figure
1-1.2).
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Velocity
Figure 1-1.2: Example velocity profile for interstellar O. The peak of each curve is the bulk velocity
of the species, while the width is the random velocity.

To observe the influx of neutral particles IBEX is equipped with two cameras, Hi
and Lo, to collect and analyze the inbound neutral atoms (Fuselier, S.A., et al., IBEX-Lo,
Space Sci. Rev., subm. (2008)). IBEX-Hi is a high energy camera, while IBEX-Lo is a
lower energy camera. Both cameras have identical FOV requirements as well as
Ion/Electron rejection requirements. To fulfill these requirements both cameras are fitted
with collimators, which will be discussed much more in detail in section 1-B.
IBEX-Hi houses a conversion foil beneath the collimator which charge exchanges
the neutral atoms into positive ions. They then travel through an Electro-Static Analyzer
(ESA) which restricts the energy range to between 0.3 keV-6.0 keV by stepping through
6 separate voltages. The ESA restricts the ions to about 80% of the center of the energy
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range (Fuselier, S.A., et al). Ions with energies outside this range will not be able to
follow the path through the ESA (Figure 1-1.3).

IBEX-HI

z
LU

(0

Goircidenx.-virilysir;

L^ «
Positive Ions — Conversion Foil
Figure 1-1.3: Schematic of IBEX-Hi, showing the path taken by ENA as they are charge exchanged
to positive ions to be analyzed by the CEM detector. Image used from IBEX proposal document.
IBEX-Hi is equipped with a Channel Electron Multiplier (CEM) detector which detects
particles using highly emissive surfaces to emit a cascade of electrons which then have
enough charge to be registered at the end of the channel (Figure 1 -1.4).
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Figurel-1.4: Example of a typical curved CEM. Illustrating how particle enters the channel creating
the electron cascade to be read by the charge collector at the end of the channel. Image taken from
Amptek website www.amptek.com.
The CEM on IBEX-Hi uses three separate channels to perform coincidence analysis for
each particle detection to effectively suppress background.
The second camera is IBEX-Lo. IBEX-Lo is designed to detect neutral atoms of
energies between 0.01 and 2 keV. The neutral atoms are charge exchanged into negative
ions by a conversion surface. They then follow an ESA, similar to IBEX-Hi, which steps
through the energy range above using 8 separate voltages (Funsten, H.O. et al, IBEX-Hi,
Space Sci. Rev., subm. (2008)), to the post-accelerator (Figure 1-1.5).
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Figure 1-1.5: Schematic of IBEX-Lo, showing the path taken by ENA as they are charge exchanged
into negative ions to be analyzed by the TOF instrument. Image used from IBEX proposal
document.

This raises their energy levels so they can be read by the Time Of Flight (TOF)
instrument which analyzes them based on their velocity. As they pass through two
separate foils within the TOF they release electrons which are detected separately. These
released electrons follow separate paths to the detector (Figure 1 -1.4).

TOF Representation

Start 1 +
Start 2 +
Stop

Figure 1-1.6: Simple representation of the TOF mechanism, showing the incoming ion passing
through two foils releasing electrons. Each particle is then read by the MCP and using time of
impact the particle can be determined. Image used from IBEX powerpoint proposal.

Using the time delay for detection of the particle and the electrons the velocity of the
negative ions can be found. This along with the known energy after post-acceleration
gives the mass and species of the ENA.
The IBEX satellite is designed to have the spin axis always pointing towards the
sun with the two sensors facing radially outward (Figure 1-1.5 right panel). This allows
for more efficient placement of the solar panels for power, and aids in the rejection of
ambient solar wind particles. The two cameras take a one pixel image; this, coupled with
the spin axis of the satellite allows the cameras to sweep out a circle image one pixel
wide of the heliosphere. As the earth, and by proxy IBEX, revolves around the sun the
spin axis must be realigned every seven days (Figure 1.5a). Due to this revolution the
one pixel images can be compiled to create a full sky image of the heliosphere every six
months (Fuselier, S.A., et al).
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Sun

FA004883

IBEX Spacecraft

Figure 1-1.7: IBEX orientation with the sun, showing FOV restricting collimators for IBEX-Hi and
IBEX-Lo. Image used from IBEX powerpoint proposal.
Both IBEX-Hi and IBEX-Lo are outfitted with collimators to restrict the FOV to +/- 7
degrees (Fuselier, S.A., et al, Funsten, H.O. et al). The collimators are also designed to
have enough electrostatic potential to repel ambient positive ions up to lOkeV, and repel
electrons up to 600eV (Fuselier, S.A., et al, Funsten, H.O. et al).
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SECTION 1-2: PURPOSE AND FUNCTION OF THE IBEX COLLIMATORS

The two cameras on IBEX require Field Of View (FOV) and charged particle
rejection parameters to be met in order to function correctly. The collimator is designed
to fulfill these requirements. The geometric design acts such to restrict the FOV, and the
application of positive and negative potentials fulfills the charged particle rejection
requirement.
The IBEX collimators are designed to only allow neutral particles from a
particular FOV of+/- 7 degrees through to the instruments behind them. In addition to
this the collimators are designed to discriminate against ions up to 10 keV and electrons
up to 600 eV (Fuselier, S.A., et al, Funsten, H.O. et al).

This is considered sufficient to

repel the significant portion of charged particles in the region of space which the satellite
will be located. The two collimators are virtually identical with the same requirements of
FOV and charged particle rejection placed on each. However, the collimator built for
IBEX-Lo differs from the IBEX-Hi in one respect. The IBEX-Lo collimator has one
quadrant devoted to a higher resolution than the rest of the collimator and its IBEX-Hi
counterpart. The high resolution (Hi-Res) quadrant has a smaller FOV requirement of+/3.5 degrees (Fuselier, S.A., et al). It functions under the same principles as the low
resolution (Lo-Res) sections of the collimator. To accomplish this smaller FOV, the HiRes section has smaller channels (Figure 1-2.1).
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Figure 3-2.1: Close up photograph illustrating the difference in channel size between the hiresolution and the lo-resolution.

For the purpose of this thesis only the Lo-Res section of the IBEX-Lo collimator
was tested, and when in the course of this thesis there are references to the collimator,
unless otherwise stipulated, the reference is to the Lo-Res collimator. It is important to
note, however, that the Lo-Res and Hi-Res sections of the IBEX-Lo collimator must meet
the same charged particle rejection requirements, and that the Lo-Res section of IBEX-Lo
and the IBEX-Hi collimator must meet identical requirements. Therefore the results
obtained within this thesis are valid for both collimators and the Hi-Res and Lo-Res
sections of IBEX-Lo, with the differences of FOV as stated above.
The neutral particles inbound from this FOV can then successfully pass through
the collimator and into the conversion surfaces to charge exchange and be detected by the
TOF instrument (or the CEM detector for IBEX-Hi) further inside the sensor. The
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geometrical design of the collimator restricts the FOV, while the placement of electric
potentials should effectively repel the vast majority of positively and negatively charged
particles.

Field Of View
The geometrical construction of both collimators was designed to restrict the
angle at which particles can enter the instrument. The shape of the channels was chosen
to be hexagonal due to the shape's inherent high transparency. A sheet filled with
hexagonal holes will have a higher throughput of particles than any other shape. The
width of the channels (w in Figure 1-2.2) and the height of the collimator (h in Figure 12.2) of the hexagonal holes in the metal sheets of the collimator limit the FOV of the
collimator particle acceptance. To characterize the angle of acceptance we use the Full
Width Half Max (FWHM, 0 ) value as shown in Figure 1-2.2. For the 2-dimensional cut
across the base of a single channel (Figure 1-2.2) the FWHM is calculated exactly using
the formula: Tan(©) = % , or approximated for small angles as:
0 = 18O7n*%

(1-2.1)
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Figure 1-2.2: Throughput of a slit collimator channel as a function of angle. Upper part: schematics
of view; Lower part: resulting angle varation. Image taken from Collimator proposal document.

Figure 1.7 shows the functionality of a one channel collimator using a 2-dimensional cut.
For the purposes of this thesis the FWHM can be approximated using the values of w =
3.34 mm and h = 25.915 mm which gives a FWHM of 0 ~ 7 degrees.
The actual collimator has 3-dimensional hexagonal channels which require a more
involved FOV calculation which varies according to the orientation of the hexagons
(Fuselier, S.A., et al.). This is demonstrated in Figure 1-2.3, which shows how the
throughput of the hexagonal channels as a function of incidence angle can differ due to
their orientation. Figure 1-2.3 uses an incidence angle of 5° as an example. The area of
overlap between the upper and lower hexagon, which depends on the angle of incidence
and the orientation across the hexagon, will determine the intensity of the throughput.
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Straight channel

***.

Figurel-2.3: Illustration of the throughput dependence upon the hexagonal orientation.

The distance h is the collimator height, S is the length of a side of the hexagon, X is the
distance the center of the hexagon has moved with a shift of 5 degrees of the incident
angle, and Y is the difference between the width of the hexagon (w) with respect to the
orientation and the distance X. X can be found using simple geometry:
X = h*tan(5°)

(1-2.2)

From the figure: Yj = w; - X

(1-2.3)

Using the geometry of the figure it can be found that the area of overlap (At,) for the
bottom orientation is:
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Ab = Vi * (Yb)2 * tan(60°) + S * Yb

(1-2.4)

Or: Ab = 3.065 mm2
While for the top orientation the area of overlap (At) is:
A, = Yi * (Yt)2 * tan(60°)

(1-2.5)

Or: A, = 2.188 mm2
Thus the bottom orientation would have a more intense throughput by nearly 3 to 2.
The width of the hexagonal channels and the height of the collimator are enough
to restrict the FOV for small angles, thus the FOV is set by the first and last plate of the
collimator. However, a multi-channel collimator that has only the first and last plates
would allow particles with larger angles of approach to cross channels and penetrate the
collimator. To counter this effect several additional identical plates are necessary. The
largest angle of discrimination is defined by the center plates which are spaced closest
together (Figure 1-2.4).
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Angular rejection

Figure 1-2.4: Illustration of the largest angular bias of the collimator at the center as determined by
the line width (w) and plate spacing (hi), (not to scale)

This angle is trivially determined by the space between plates (hj) and the line width (d).
cp = tan"1 (d/hi)

(1-2.6)
(Note that the small angle approximation cannot be used here.)

Increasing the spacing between the plates above and below the center clustering will back
the angular bias down to the FOV restriction. The spacing of the next plate can be
determined by spacing of the previous plates, the width of the channel (w) and d, through
the following relation:
hi+i = (w+d)/w * hi

(1-2.7)

Where h; and hj+i are located opposite the center of the collimator from one another as in
Figure 1-2.5.
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Center

i+2

W

Figure 1-2.5: Illustration showing how the spacing for each subsequent plate is determined using the
spacing of previous plates, (not to scale)

The center cluster of plates begins with six identically spaced plates, then each
subsequent plate is spaced using equation 1.7.
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Figure 1-2.6: Schematic cut through a collimator with a succession of plates that suppresses
trajectories into adjacent channels. The pre-collimator (vertical structure on top of the entry plate)
suppresses large angle trajectories. Key dimensions are annotated. Image taken from Collimator
proposal document.

By arranging separate thin plates in this way the FOV restrictions can be met while
minimizing the vertical surface area within each chamber. This minimizes charge
exchanging inside the chamber that could contaminate measurements (Fuselier, S.A., et
al.). This arrangement also allows for the maximum FOV restriction with a minimum of
material. To further limit the amount of channel crossing particles a vertical structure
called the Pre-Collimator which is of larger thickness than the collimator plates (Figure
1-2.6) is placed directly above the entry plate. The pre-collimator begins to be effective at

19

eliminating particles at the maximum angles suppressed by the plate spacing (Figure 1 2.4).

Sun-Shield
-3.925 kV
Pre-Gollimator
10 kV

Ground

Optics Plate

Figure 1-2.7: Rejection scheme for electrons and ions. Image taken from Collimator proposal
document.

Positive Ion Suppression
Another task of the collimator is to eliminate ambient positive ions accelerated at
the Earth's bow shock of up to lOkeV (Fuselier, S.A., et al.). To accomplish this function
the collimator will have a positive potential of lOkV. These particles must be eliminated
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because they have the same charge exchanging ratio as neutrals upon striking the

conversion surface. Thus if they reach the conversion surface there is no way to tell them
apart from the neutral particles and they would flood the results making it impossible to
glean any useful information from the data. .
There are two ways to eliminate positively charged particles from making it
through the collimator and into the conversion surface, either by rejection or by
deflection. Due to the fact that on their way through the collimator these ions could
strike the structure and charge exchange into neutrals and therefore cannot be deflected, it
was considered the preferable solution to repel the ions up to a certain energy level. This
is accomplished by applying a positive potential of lOkV to the entire collimator (Figure
1-2.7).
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lOkV equipotential line

Precollimator

Figure 1-2.8: Close up of the front of the collimator, showing the equipotential lines.
The potential of this magnitude should theoretically be powerful enough to reject ambient
ions up to the desired energy levels as shown in Figure 1-2.9.
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Figure 1-2.9: Illustration of lOkeV ions being repelled before the lOkV equipotential line.

Particles with energies above lOkeV would still make it into the collimator with
their energies reduced by lOkV. Ions between 10 and 16keV are of interest if they
penetrate the collimator. By impacting with the structure of the collimator these ions
would generate neutrals with energies within the range of the detectors due to the ions
reduced energies of the ions (Equation 1.8).
Eneutral = ^initial ~ 1 O k V

(1-2.8)

If this effect is not minimized it could flood the observations with background.
However, the placement of the pre-collimator, as well as FOV restrictions of the
collimator, keeps the ion suppression rates for these higher energy particles within the
acceptable range (Fuselier, S.A., et al.). The electrostatic potential which repels ions up
to lOkeV also deflects ions above this energy. Unless these particles are approaching
from a nearly straight path to the center of a particular chamber they will be deflected on
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the pre-collimator structure (Figure 1-2.10). As the particles with energies above lOkV
approach the collimator structure the potential will deflect them so their trajectories will
be outside of the accepted FOV (Figure 1 -2.10).
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Figure 1-2.10: Illustration showing most particles above lOkeV still being repelled while a few are
deflected into the Pre-Collimator surface. The red represents particle trajectory, while green
represents the equipotential lines.

Electron and Negative Ion Suppression
Having a positively biased collimator would attract any electrons in the area and
any photo electrons emitted from the spacecraft exposure to sunlight. Some of these
electrons could make it through the collimator structure and cause any number of
secondary background effects as described in detail in the IBEX-Lo Design Reference
Document and in the IBEX background document (Fuselier, S.A., et al., Wurz, P., et al.).
In order to repel these electrons the collimator is housed within a grounded structure with
two electron rejection rings (Figure 1-2.7) in front of the structure. The Electron
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rejection rings are designed to carry a -3.925 KV negative potential. This results in a
minimum continuous negative equipotential surface that is no less than -600eV at any
point (Figure 1-2.11).

Figure 1-2.11: Illustration of the equipotential lines up to -600V surrounding the electron rejection
rings. The red representing those lines up to -600V, while the light green represent equipotential
lines up to lOkV.

This is designed to repel any ambient plasma electrons up to 600eV, and also will repel
all photo-electrons due to their very low energies (Figure 1-2.12).
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Figure 1-2.12: Illustration of electron rejection up to 600eV. The green on the left representing
particle trajectories, and the other lines representing the equipotential as in Figure 1-2.11.

However, secondary electrons can be created by impacts of photons or positive
ions on these rejection electrodes, as well as impacts on the collimator structure (as can
be seen in figure 1-2.9), however simulations and tests have shown that the secondary
electrons coming from the electrodes will be at such extreme angles with respect to the
collimator bore sight that the FOV requirement of the collimator will be sufficient in
rejecting them. (Figure 1-2.13)
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Figure 1-2.13: Illustration showing neutrals created at the rejection electrodes will have approach
vectors too large to penetrate collimator due to electrode structure.

Collimator Conclusions
Given the hexagonal design of the collimator with the strategic spacing between
the plates, and the potentials placed across its surface as well as the electron rejection
rings, the Lo-Res Collimator should be able to effectively limit the particles received to
just neutrals within its specified FOV.

As long as all of these parts are working in

concert positively charged ions (up to lOkeV) as well as negatively charged electrons and
low energy (less than 600eV) negative ions will be rejected by the electrostatic potential,
while the geometric design and spacing of the collimator should effectively limit the
FOV of the instrument to the desired range. Both of these aspects of the collimator are
requirements for the IBEX mission.
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SECTION 1-3: MOTIVATION

In previous tests the collimator was calibrated for FOV, and charged particle
rejection specifications. The FOV requirement was tested using visible light, as well as
using an Ion beam, and was determined to be satisfactory for flight specifications. The
ion rejection ratio, however, failed to meet flight specifications. The calibration of
IBEX-Hi was within range of the margin of error and determined to be sufficient, while
the IBEX-Lo ion suppression ratio failed to reach the same range. To ensure data being
taken by IBEX is accurate, the collimators must be able to repel ions up to lOkeV by at
least a factor of 104, and electrons up to 600eV by the same rate. The initial testing
yielded an ion suppression ratio between 0.005 and 0.02 (Fuselier, S.A., et al.) far above
the required ion suppression ratio of 10"4.
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Figure 4-3.1: Angular scans in pitch angle for lOkeV ions (top) and 5 keV ions (bottom) without
collimator HV (red) and with collimator HV (blue). Image taken from Collimator proposal
document.

The most plausible hypothesis for this failure is a contamination of neutral atoms in the
ion beam, this is tested for in this thesis.
For the initial collimator tests a chicane was used to reduce the percentage of
neutrals in the beam (For a description of the chicane see Section 2-3, Experimental
Setup). However, during testing it was determined that the chicane needed to be de-tuned
in order to aim the ion beam onto the Micro Channel Plate (MCP) detector. It is very
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likely some ions will strike the structure of a de-tuned chicane, which can lead to the
generation of neutrals through charge exchanging.
The MCP detector is the instrument used to detect the particles which pass
through the collimator during testing (Described in Section 2-3, Experimental Setup).
Neutral atoms and ions will register on the MCP with the same efficiency. There is no
method for determining the charge of a particle once it has registered on the MCP. This
must be taken into consideration when using the MCP for ion suppression testing.
The purpose of this thesis is to retest for the ion suppression ratio of the
collimator with additional diagnostics for neutral atoms in the beam using an Argon ion
beam. The method of testing is discussed in section 2-1, while preliminary simulations
are discussed in section 2-2. The experimental setup, including modifications, is
discussed in section 2-3. The calibration of the ion beam and testing procedure is
discussed in section 2-4. Section 2-5 discusses the testing format and the results are
discussed in 2-6. Finally, conclusions are drawn in section 3, followed by the
appendices.
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CHAPTER 2

IBEX-LO COLLIMATOR TESTING

SECTION 2-1: MEASUREMENT METHOD

In order to properly determine the rejection ratio of the collimator it is necessary
to gain an accurate measure of the neutral particles. The Ion Rejection ratio is
determined by dividing the number of ions which are detected while the collimator is at
high potential by the number of ions which are detected while the collimator is at ground
potential. Neutral particles pass through the collimator unaffected by the potential
applied to the collimator. Without eliminating the neutral particle contribution to the
beam the ion rejection ratio will appear lower than it actually is. The neutral particles
will be read as if they were another layer of background particles. To get an accurate
rejection ratio this background must be subtracted from the total number of particles,
which means the total number of neutral particles must be determined. Once this count is
established, it can be subtracted from the total count, and the rejection ratio can be
corrected.
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Figure 2-1.1: Schematic showing the orientation of the ion deflection field with respect to the path of
the ion beam. Image created by John Nolin.

The easiest and most effective way to get an accurate count of the neutrals is to
deflect the charged particles out of the way of the detector after they have passed the
collimator. Then each of the combinations used before can be evaluated. A strong
enough electric field oriented perpendicular to the path of the particles (Figure 2-1.1)
placed behind the collimator would effectively deflect both positive and negative
particles from hitting the MCP detector. With the charged particles deflected away from
the MCP detector, it would only read the number of neutral particles which are
unaffected by this field. This number can then be subtracted from the total particle count
giving a more accurate number of charged particles.
The electric field oriented perpendicular to the path of the particles behind the
collimator can be established by two metal plates. They are mounted on the rotating table
used to hold the collimator (Figure 2-1.1). Before building and mounting the physical
structure the viability of this method can first be tested in a computer simulation we have
used Simlon for this purpose. Simlon is a computer simulation software program that
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allows you to upload two dimensional representations of whatever design you may
choose and then send particles of a specified mass and charge through the representation.
The particles can be given any starting point, energy, mass, and direction. The two
dimensional figures are turned into a three dimensional object by the Simlon program
and the pieces can be given whatever potential is required.
The plates must be able to be mounted on the table which holds and moves the
collimator, so as the collimator moves through its FOV so too do the deflector plates.
This means they must be effective through this entire range. As discussed, the collimator
is designed to reject ions up to 10 keV in energy, so the deflector plates must also be able
to effectively deflect charged particles up to the same energy away from the MCP
detector. The electric field generating plates must be able to deflect any and all charged
particles that might somehow find their way through the collimator in order have an
accurate count of the neutral particles. The method and implementation of the computer
simulations is covered in greater detail in Section 2-2.
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SECTION 2-2: SIMULATIONS OF THE DEFLECTOR DESIGNS

Simulations give the opportunity to test designs more quickly and efficiently than
physical testing, and to test under ideal conditions such as complete vacuum with no
secondary charge exchanges. In addition, variables such as altering the size or potential
of the deflection plates can be added much more efficiently using simulations than with
physical testing. To make such alterations during the physical test could take up to 2
days to remove the instrument from the vacuum chamber, alter it, and then reintroduce it
to vacuum, such an alteration can be done in the span of minutes or hours using the
simulation software. For example, in order to test how an increase or decrease in the
length of the plates would affect their performance with a physical test one would need
several plates with different lengths which could be mounted and exchanged. It would
take days to run the tests with each variant deflector plate set; this can all be done using
the Simlon model in a matter of hours. Before physical testing, the methods of ion
rejection and deflection can be developed using computer simulations, to test the
effectiveness of placing an electric field behind a computerized model of the collimator.
Once the designs are refined and thoroughly tested in simulation they can be built and
implemented for the physical tests.
The purpose of the physical testing is to ensure that the collimator works in
conditions that are more like real world conditions. Under the physical testing conditions
there are some factors, such as secondary particles caused by charge exchanging within
the chamber, which could potentially prevent the collimator from performing to the
necessary requirements. In order to ensure that designs stand the best chance of
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overcoming these obstacles the physical tests must first be devised and implemented in
simulation. If any anticipated concepts or designs fail in the simulated model, they will
very likely fail in physical testing and in application.
In order to know exactly how many ions have leaked through the collimator, first
the number of neutrals must be determined, and then subtracted from the total particle
count. This can be done by placing a powerful enough electric field between the
collimator and the detector to deflect all of the charged particles away from the detector.
In this way it is reasonably certain that only neutral particles are being detected.

M»**~ - Kg
Deflection Distance - Y

Figure 2-2.1

Figure 2-2.2: Simulation showing the effectiveness of the electric field generating plates. Figure 22.1 shows a parallel oriented beam of lOkV being deflected away from the detector by a deflection
potential of 4kV. Figure 2-2.2 shows an extreme angle of approach of 7 degrees still being deflected
away from the detector by the 4kV potential.
This field would theoretically deflect any positively or negatively charged ions
enough so they would not strike the MCP detector. If it is successful then the MCP
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detector should only read those particles which have no charge. Several variant designs
of two plates and the field between them were simulated, with variations on voltage,
length and placement of the plates. Varying the deflection potential has a linear effect
upon the deflection distance (Y). The relationship between the potential across the
deflector plates and the deflection distance at the detector can be seen in Figure 2-2.3.
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Figure 2-2.3: Graph showing the linear relationship between deflection voltage and the deflection
distance as measured by simulation using a lOkeV beam.

As discussed in Section 1-3, the field must be able to deflect all ions up to lOkeV in
energy, and be effective over the effective FOV, to a great enough deflection distance so
they impact outside the active area of the MCP.
The electric field generating plates also had restrictions for placement due to the
physical nature of the motion table on which they were to be mounted (Figure 2-2.4).
The deflector plates must be optimized for function and for their placement on the
moving table which holds the Collimator inside the vacuum chamber for testing. This
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optimization sets limits to the length and location of the plates. The easiest way to mount
the plates was directly to the structure attaching the collimator to the moving table.

Figure 2-2.4: A 3-D computer representation of the deflector plates mounted to the housing
structure, showing the height and length restrictions due to the geometry of the mounting structure.
Image created by John Nolin.

The final parameters were chosen for their simplicity of construction and
mounting and their effectiveness. The electric field would be produced by a set of
deflector plates made of thin sheets of metal 140 mm wide and 70 mm long, with a ninety
degree upturn of an additional 7 mm on the end of the plates (see figure 2-2.5).
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Figure 2-2.5: Illustration of the deflector field plate dimensions. The plates are separated with rods
of insulating material.

This upturned portion of the plate is to ensure that secondary electrons, which might be
released from ions impacting on the deflector plates or other structure within the
chamber, do not proceed to the detector as such particles would then be counted.
The plates must fit on the structure which houses the collimator for testing and
attaches to the motion table. The structure has a gap behind where the collimator is
attached and where the structure attaches to the table. It is into this into which the plates
»
must be mounted (see figure 2-2.4). The plates are spaced 56 mm apart and 40 mm from
the rear of the collimator. The plates must be close enough together to ensure a nearly
uniform electric field, but must also be far enough apart to ensure that the beam is not
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prematurely cut off during the field of view tests. Various voltages can be applied to the
top plate, with the bottom plate kept at ground, producing a deflecting potential field
between them. Through the simulations it was found that the plates with a 4kV potential
field between them were effective at deflecting ions up to and over 12keV.
Once the effective parameters for the deflector plates had been established and
tested via simulation they could be manufactured and installed behind the spare
collimator on the motion table. Physical testing would utilize the methods of ion
deflection developed using the simulations to repeat the testing for ion rejection and
angular sensitivity previously done on the flight ready Collimator as well as some
additional testing.
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SECTION 2-3: EXPERIMENTAL SETUP

Before being launched into space it is necessary to test the instruments of the
IBEX satellite under space like conditions in a vacuum chamber. The collimator
instruments must be able to restrict the FOV of the sky from which particles will be
analyzed, and repel positively charged particles up to lOkeV and negatively charged
particles up to 600eV (Fuselier, S.A., et al). The capabilities of the collimator to do this
are tested under vacuum in a large vacuum chamber using an ion accelerator to create a
beam of charged particles to send through the instrument.
To test the ion suppression of the collimator it is placed in a vacuum chamber.
An ion beam is then created in the Ion Accelerator and accelerated towards the chamber
through the Path to the Chamber (Figure 2-3.1).

Vacuum Testing Chamber

\

Ion Accelerator

Gas Supply

n Path to the Chamber

n

Figure 2-3.1: Simple schematic showing the three major sections of the experimental setup, the ion
accelerator, the path to the chamber and the vacuum testing chamber.

Ion Accelerator
The ion accelerator consists of a gas supply, the gas input lines, the discharge
chamber, the acceleration gap, the energy analyzer, the mass analyzer, and the path to the
chamber (Figure 2-3.2).
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Figure 2-3.5: Simple schematic showing the main components of the Ion Accelerator.

The gas supply feeds into the input lines through a variable needle valve, the gas flows
through the input lines and through a small fixed orifice into the Discharge Chamber.

Discharge Chamber
The ionization process takes place within the Discharge Chamber (Figure 2-3.1).
A current is run through the filament which boils electrons off of the High Calcium triple
Carbonate coating. These electrons are then accelerated across the chamber by a variable
potential difference or discharge voltage (Udis)- This potential is set by adjusting two
variable knobs. The first sets the upper bound to the discharge voltage, and the second
sets the discharge current using a variable resistor (Figure 2-3.3). If the electrons have
the appropriate energy when they impact with the gas particles they ionize them by
knocking off more electrons. These electrons and ions then get accelerated and impact
with more neutral gas particles and create more ions. This process compounds if the
pressure is within the necessary range, resulting in a large number of ions. A portion of
these ions are propelled through the small fixed orifice at the end of the chamber (Figure
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2-3.3). These ions are then accelerated into the Path to the Chamber by the Ion Beam
accelerating potential (Figure 2-3.1).

X
Gas Input

Electron cloud

Chain Reaction Ionization

To Beam

•
Aout
Filament

•O Udis o -

Figure 2-3.3: Simple schematic showing the process of ionization within the discharge chamber.
The optimum pressure range is determined by the mean free path of the electrons.
If the pressure is too high, the mean free path is too small; the electrons do not gain the
appropriate ionization energy before impacting with gas particles. If the pressure is too
low, the mean free path is too large; the electrons will not have enough interactions to
begin the ionization cascade. When the pressure in the chamber is at the optimum level
this charge exchanging has a compounding effect, creating a chain reaction which results
in a large amount of ions. A large number of ions impacting the electrode at the end of
the chamber will result in a large discharge current. The discharge current is set by a
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variable resistor (Figure 2-3.3), thus the discharge voltage (UdiS) is adjusted to maintain
the set current.
The Ion beam is optimized when the discharge voltage (Udis) is minimized. This
occurs when the U^s is idealized for the optimal Mean Free Path of the ion species. Thus
Udis is minimized when the discharge pressure (P-Dis) is optimized.
Gas Input Lines
The pressure within the discharge chamber (P-Dis) is determined and maintained
using the input pressure (P-In). The pressure in the gas input lines is regulated using the
needle valve to the small pump and the analogue pressure gauge (Figure 2-3.2). This
system was modified to ensure stable flow throughout the Ion Accelerator. Constant
stable flow is necessary to stabilize the pressure in the discharge chamber; this is
discussed in more detail in section 2-4.
Gas Supply
The ion accelerator utilizes a neutral gas to produce ions, Argon for the purposes
of this thesis. The Argon is fed into the filament chamber from the gas supply (Figure 23.2). The gas supply is a simple pressurized gas tank with an output modulator to regulate
the gas flow.
Path to Chamber
The ions that exit the discharge chamber are accelerated by the Ion Beam
Acceleration Potential into the structure connecting the Ion Accelerator to the Vacuum
Chamber. Within this path to the Vacuum Chamber the ion beam is aimed using and
Electro-Magnetic field. There is also a faraday cup which can be lowered to block the
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beam and give a beam strength measurement. Finally there is an iris between the path
and the vacuum chamber (Figure 2-3.4).

Faraday Cup
'
Ion Path

Vacuum Testing Chamber
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Figure 2-3.4: Close up schematic showing where the Faraday Cup and Iris are located in relation to
the Vacuum Testing Chamber.
Tests using the Ion Accelerator require a beam of uniform but variable energy.
This is accomplished by keeping the structure housing the instruments at ground, and
raising the discharge chamber structure to the desired potential. The structure of the
discharge chamber can be given a potential of up to +/- 40kV. Ions which escape the
discharge chamber through the small fixed orifice (Figure 2-3.3) will be accelerated by
this potential toward the chamber. This ensures the ions escaping from the discharge
chamber will be of the desired uniform energy when they reach the chamber.
Neutral particles that were not ionized in the discharge chamber will also exit the
discharge chamber through the orifice, and there is chance some of these may be ionized
through interaction with the ion beam outside of the chamber. Any particles that become
ionized outside of the discharge chamber will not gain the full beam energy from the
acceleration potential and will cause an energy variance in the beam. This is minimized
by having a very low pressure in the path to the chamber. This pressure is kept low by
having a small exit orifice on the discharge chamber and is kept stable by having the
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discharge pressure optimized. Optimization of the discharge pressure will be discussed
further in section 2-4.
The lens focuses the ions into a pencil beam, and the ExB field aims the beam
down the path to the chamber. The ESA operates in a similar fashion to the ESA
discussed in section 1-1, its primary function is to limit beam energy variance. All of
these can be adjusted by the experimental observer as needed.
Near the vacuum chamber there is a faraday cup which can be lowered into the
beam path. The faraday cup is actually a plate electrode which returns the number of
charged particles in the beam via an analogue gauge. The faraday cup can be used to
gauge the beam strength as well as block the beam from entering the chamber.
Separating the path from the vacuum chamber is the Iris. The iris can be opened
or closed to restrict the size of the beam entering the chamber. This is highly effective at
reducing the number of particles in the beam.
Vacuum Chamber
Grounded mesh is at the entrance of the chamber and serves to end the ions
acceleration.
The Micro-Channel Plate (MCP) detector is located on the far side of where the
ion beam enters the vacuum chamber. The capabilities and limitations of this device are
a main purpose for the revisiting of the calibration tests. This is covered more thoroughly
in section 2-6.
Between the chamber entrance and the detector, the collimator must be aligned
properly so the beam can pass through one of its Lo-Res quadrants (Figure 2-3.5). The
function and capabilities of the collimator are discussed in detail in section 1-2.
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Figure 2-3.5: Collimator in line with the beam and detector. Image taken from Collimator proposal
document.

The collimator is mounted on the motion table. The motion table allows for the
collimator to be rotated around three separate axis: pitch, roll, and yaw. These axis are
demonstrated in figure 2-3.5. The motion table can also be used to raise and lower the
collimator to the desired height if it is improperly aligned within the chamber.
For certain tests a chicane is required between the chamber entrance and the
collimator/motion table, the purpose of which is to block neutral particles in the beam.
The chicane, which is also described in section 2-5, consists of 2 electrostatic analyzers
placed one after the other. The result is an, electric field that guides the ion beam through
an "S" shaped path. Due to this curvature when the chicane is in place the beam line is
shifted, the collimator and detector must be realigned (Figure 2-3.6).
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Figure 2-3.6: Collimator in line with the beam and the detector through the chicane. Image taken
from Collimator proposal document.

Both figures show the initial path of beam particles as a dark dashed line. In Figure 2-3.6
the path of the beam is adjusted by the chicane and then proceeds as a lighter dashed line.
There is a grounded screen placed in front of the MCP detector to help eliminate
background particles (CATCR, Eberhard). The screen is represented as a vertical dashed
line in front of the MCP detector in the figures.

47

SECTION 2-4: DISCHARGE CHAMBER PRESSURE CALIBRATION

As previously mentioned in Section 2-1.2, maintaining the pressure in the
filament chamber is essential to having a consistent and stable beam of ions. There were
two problems with the ion accelerator which needed to be addressed; the first of which is
having control over the pressure within the discharge chamber, and the second is having
no way of measuring the pressure within the discharge chamber.
The latter of these requires a way to observe the pressure within the discharge
chamber. However, due to the high voltages required for the beam acceleration
traditional pressure gauges cannot be tied into the filament chamber. Therefore the
pressure within the chamber must be extrapolated from the fluid flow through the system.
Since the orifices in and out of the discharge chamber are fixed the pressure can be
extrapolated by knowing the pressure before and after the chamber. Since the discharge
pressure is orders of magnitude higher than the pressure in the beam line we can assume
for calculation that the beam line pressure is zero. This means that roughly the pressure
in the discharge chamber is proportional to the areas of the two orifices and the gas input
line pressure:
Pdis~C,A in /C 2 A out *P in

(see Figure 2-4.1)

(2-4.1)

This formula illustrates the discharge pressure dependence on the input pressure, where
Ci and C2 are constants, Ajn is the area of the input valve, Aout is the area of the output
valve, PJJS is the discharge pressure, and Pin is the pressure in the gas lines. By
monitoring the input and output pressures the discharge pressure can be deduced.
Extrapolating Filament Chamber Pressure
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Figure 2-4.1: Simple schematic of the gasflowthrough the filament chamber.
The former problem was dealt with by modifying the structure of the gas input
lines to have better control of Pjn (Figure 2-4.1), since the pressure in the discharge
chamber is dependant upon the pressure difference between the gas lines and the chamber
being the same ratio as the difference between the chamber and the beam line. The
modifications include a small vacuum pump with a needle valve regulator to control the
gas flow to it. They also include an analogue pressure gauge which reads Pjn.
With a steady flow of gas from the tank into the gas input line, and by
manipulating the needle valve regulating the influence of the small vacuum pump, the
region can be set at a stable pressure. The stable pressure in the gas line will lead to a
stabilized discharge pressure due to the proportional relationship of the gas line pressure
and the discharge pressure. As briefly described in section 2-1 variances to the discharge
pressure will adversely affect the discharge voltage and will affect the number of ions
present in the beam.
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The small orifices at Ain and Aout limit the gas flow (Fin and Fout) through the
system (Figure 2-4.1), when coupled with the pumps stabilized pressure can be
maintained throughout the system. Aout also limits the width of the ion beam as it leaves
the chamber. A wider orifice allows for more neutral particles to have a chance to
become ionized outside of the discharge chamber. This will lead to the ion beam not
having a uniform energy, as these new ions will not be accelerated by the full potential
difference.
The turbo vacuum pump cannot be manipulated, so there is no way to directly
affect the pressure in region 3, except through manipulation of the pressure further
upstream of the gas flow. The same is true for the filament chamber (region 2).
Understanding the relationships between the gas flow and the pressures in the three
regions allows for extrapolation of the pressure in any one region by knowing the
pressure in the other two regions. In this way, by manipulating the pressure in the gas
input lines and having pressure readouts for Pjn and Pout, the pressure in the filament
chamber can be reasonably assumed.
For the purpose of extrapolation a thermocouple pressure sensor can be tied into
the filament chamber as long as there is no HV turned on. With this temporary
thermocouple sensor there are three pressure sensors tied in at various points in the gas
flow system (Figure 2-4.1).
By using the temporary thermocouple pressure sensor tied into the filament
chamber, and varying the gas flow by manipulating the pressure in region one, the
pressure in the filament chamber is in relation to the pressure upstream (Figure 2-4.2) and
downstream (Figure 2-4.3) can be calibrated. This relationship can be used to determine
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and control the pressure within the filament chamber once voltage is applied and the
thermocouple pressure sensor must be removed.
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Optimizing Filament Chamber Pressure Range
As stated in section 2-3, the filament will ionize different gases at different
pressures creating specific species of ions depending on the conditions. To get the
filament to create an ion beam a current is run through it; the current heats the filament
and boils off electrons by releasing them by thermionic emission from the filaments High
Calcium triple Carbonate coating to form a cloud of electron surrounding it. These
electrons are then accelerated through the discharge voltage where they ionize with the
gas atoms, creating positive ions and knocking loose more electrons. These proceed to
ionize other neutral particles, and the process begins a chain reaction which leads to a
large number of ions (see Figure 2-1.2, Section 2-2). The accelerating electric field is
controlled by a serial resistor, to maintain a constant discharge current and thus stabilizes
the gas discharge.
The discharge current (IdiS) is determined by the number of ions that cross the
discharge region within the chamber (see Figure 2-2.2, Section 2-2). It is related to the
supply potential (U0) and the variable resistor ( R ) by the following equation:
U 0 =R*I d i s +U d i s

(2-4.2)

The system of establishing the discharge voltage is designed to maintain a fixed current
and thus a fixed number of ions in the beam. The discharge voltage placed across the
chamber has a maximum value of 150V; the current is set by dialing a variable resistor.
Once the resistor is set, the resistance stays fixed. The current across the chamber is
determined by the number of charged particles crossing the chamber per second. If the
number of ions increases the current will rise as well. With an increase in current the
discharge voltage is decreased. This causes a decrease in the number of ions crossing the
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chamber, which in turn is a decrease in current. The discharge voltage is adjusted in this
way to insure a steady current and thus a steady number of ions.
The ideal pressure region is determined by the mean free path of the electrons and
the type of ion to be ionized. The mean free path of a particle is the average distance it
can travel before interacting with another particle. This is dependant upon the energy of
the electron and the pressure within the chamber. The mean free path can be roughly
estimated using kinetic theory to be:
A,= l / ( o . n )

(2-4.3)

Where X is the mean free path, c is the cross section, and n is the density of the gas. The
electrons energy is dependant upon the discharge voltage U<jiS. If the pressure in the
chamber is too low, the gas density is low, which makes the mean free path of the
electrons becomes larger. If this is the case a higher discharge voltage is needed to
maintain the beam. The higher discharge voltage causes an increase in the energy of the
electrons, and thus increases the frequency of ionization. If the mean free path becomes
too large, the electrons will not have enough interactions with the gas atoms; they will be
unable to ionize enough particles to begin the reaction before reaching the end of the
chamber.
When the pressure in the chamber is too high, the mean free path of the electrons
is lower, and the electrons do not have as much time to pick up speed before collisions.
If the pressure becomes too large, the mean free path is too small for them to gain enough
energy to ionize the gas before they have collisions with the particles. The optimal
pressure region is when the mean free path of the electrons is between these two
parameters. This range can be manipulated somewhat by placing a magnetic field
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through the chamber. The paths of the electrons get wound up along magnetic field lines
allowing for a longer mean free path before reaching the end of the chamber. When the
pressure is within this range the electrons are accelerated by the potential difference
enough to ionize the gas while keeping the mean free path small enough for the electrons
to still impact the gas to ionize it.

Voltage vs. Pressure
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Figure 2-4.4: Plot displaying the relationship between Pressure in Torr and Voltage in Volts. This
plot illustrates the region of minimum voltage and optimized pressure.
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Beam Modification Conclusions
A stable beam requires there to be an optimal and stable pressure within the
filament chamber. The modifications made to the gas flow structure allow for finer
control and observation of the pressure in the chamber, and with this control comes better
beam stability. The modifications to the gas flow structure require slight modifications to
the beam operating procedure as well.
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SECTION 2-5: TESTING PROCEDURE

As the main focus of this thesis the original LoRes collimator testing was
revisited to substantially improve the ion rejection test up to lOkeV in energy, which had
been unsatisfactory in the previous collimator calibrations. This test was performed by
sending ion beams of 9, 10, 11, and 12 keV through the collimator. Measurements taken
every half degree while varying the pitch of the collimator over its entire angular FOV
from -7° to 7° comprise each test. This is evident in the Table 2-5.1, which provides an
overview of the plan for the various tests, including the energy range and the range of
angles. For measurement taken with no collimator voltage the iris in the beam line, as
described in section 2-3, is tightened to reduce the beam strength, while for
measurements with voltage on the collimator the beam is at full strength. The reduction
factor is determined using software to compile a beam profile and the deflector plates to
manipulate the ion beam. This reduction method is described in section 2-6. These tests
were also repeated with and without the chicane in the beam path to eliminate the
neutrals in the ion beam.
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Table 2-5.1: Test configurations showing the energy ranges, pitch angles, and potentials to be
used.
Test

Energy Range

Energy
Increment

Pitch

Collimator
Voltage

Deflector
Voltage

Baseline and FOV
Max Counts
Ion (pos/neg test)
Neutral
Background
Ion Rejection w/ no
deflection
Ion rejection
Neutral
Background

9-12 KeV
9-12 KeV
9-12 KeV

1KeV
1KeV
1KeV

-7-7 Degrees
-7-7 Degrees
-7-7 Degrees

OKV
OKV
OKV

none
medium
small

9-12 KeV

1KeV

-7-7 Degrees

OKV

large

9-12 KeV

1KeV

-7-7 Degrees

10KV

none

9-12 KeV

1KeV

-7-7 Degrees

10KV

large

As described in section 1.2 the collimator is designed to repel ions with energies
up to lOkeV, but it is beneficial to have experimental lab results of the collimators
performance over a range of energies to see the rejection ratio as a function of particle
energy. With this in mind the tests were run over a range of energies, from those which
should have complete ion rejection to higher energies which should have some portion of
the ion population penetrate the collimator's repelling potential. The tests run with beam
energies of 9kV and lOkV should have a very good ion rejection ratio according to the
simulations, while the tests run with beam energies of 1 lkV and 12kV should have more
ion particle penetration. The higher energy tests will give information on the collimators'
performance with particles of a higher than anticipated energy level. As can be seen in
the Table 2-5.1 all tests were done using the entire range of energies.
The collimator is designed to limit the field of view of the instruments. At each
energy level of the beam the angle of the collimator was varied using the motion table on
which the collimator was mounted. The tests consisted of sweeping the collimator from 7 to +7 degrees from horizontal at half degree increments (Figure 2-5.1).
57

x-Rotation Axis

(p»*i2?)

»

<0

<

.2
«L

t

Oft."

E
*-*

4)
« <o

" • • • ^

"" x

N

/
/
/
/
jiz-Rotation Axis
/ («*a W ) " "
i

\
v> W d) O
_ * * JS * -

•si*
> \

Ion
Accelerator

Figure 2-5.6: Illustration of the Pitch FOV rotation method for the collimator. Other rotational axis
also shown are the Roll and Yaw axis, which were not utilized in this round of tests. Image taken
from Collimator proposal document.

This revisited a much more extensive field of view testing done previously . The main
purpose of this revisit was to gather data on the effects of the ion rejecting potential on
the field of view results. At the extremes the collimators geometry should block out
nearly all of the particles due to the design and spacing of the collimators plates, however
there could be some unforeseen effects from the potential placed on the collimator which
may allow particles to seep in from the edges of the FOV. A secondary purpose is to
document the influence of beam divergence upon the FOV.
The Chicane
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To gain an accurate ion rejection ratio it is necessary to have a high ion to neutral
particle ratio in the beam. Neutral particles are not effected by the collimator rejection
voltage by design. To study the ion rejection ratio, these neutral particles must be
subtracted from the total particle count. Thus in order to measure the ion rejection ratio
to the degree which is required (as stated in section 1-2) the remaining ion counts must be
large in comparison. In the initial collimator tests a chicane was added to eliminate a
large percentage of the neutral population, thus increasing the ion to neutral ratio. The
chicane consists of two electro-static analyzers placed one after the other. The result is
an "S" shaped path for ions of a specific energy to follow. It is designed to use an
electric field to guide ions through the curvature, the neutral particles will remain
unaffected and will be blocked by the chicane structure. The electric field is produced by
having a potential on blocks 2 and 3 and keeping blocks 1 and 4 grounded (See Figure 25.2). This potential set up for the chicane was chosen instead of a symmetrical potential
difference because it was just as effective in simulations while requiring only one extra
power supply. This set up creates a two part field, the first part guides the ions up the
curve, and the second realigns them back to a trajectory parallel to their original path.
Any negative or neutral particles will be blocked by the chicane surface.
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Figure 2-5.7: Diagram of the chicane with numbered portions showing where voltage can be applied.
Image created by John Nolin.

The chicane eliminates most of the neutral particles. It also reduces the beam
divergence and tightens the energy range. Therefore, the total number of ions passing is
also reduced. This greatly reduced total number of particles in the beam allows for the iris
to be opened, increasing the number of detected particles to near the maximum capacity
of the detector (See section 2-4).
Given that the maximum particle count rate of particles the MCP is just over 10M
sec" , having a higher ion to neutral particle ratio is necessary when trying to show how
well an instrument repels ions. In any experiment done in a large vacuum chamber there
will naturally be a small amount of neutral particles in the beam from ions charge
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exchanging with surfaces and ambient gas particles. Some of the particles will find their
way to the detector over the course of each test, and the number of particles that do so
varies. This means that when subtracting neutral background particles from the total
particles there is a margin of error of about +/- 10 counts per second depending upon the
energy of the beam, as indicated by figure 2-5.3. Having a higher ratio of charged
particles to neutrals means this error is much less significant, thus the rejection ratio is a
much more reliable figure.
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Figure 2-5.3: Graph illustrating the variation of background counts.

However, the chicane may also prove a hindrance to the highly sensitive rejection
experiments. If the chicane is aligned properly then theoretically the neutral and negative
particles should scatter harmlessly away from the beam path, while positive ions should
follow the curvature and exit the chicane with a trajectory parallel to their original path.
However, if the beam has too much divergence, or if the chicane is not properly aligned,
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positive ions may not follow the curvature perfectly and may in fact strike the surface
close to the exit (see Figure 2-5.3). These collisions could result in charge exchange for
these ions, which then become neutral or negative ions. Any released electrons should be
repelled by the electron rejection rings; but any new negative ions could be energetic
enough to penetrate the negative rejection field and would then be free to pass through
the collimator. Any neutral particles created are indistinguishable from the background,
thus leading to a higher background reading.

Impact region

Figure 2-5.8: Simulation of an beam improperly lined up with the chicane. The edges of the beam
have glancing impact on the chicane surface which could cause charge exchanging.

Baseline Tests
The Baseline test provides an additional FOV test, as well as serves as a baseline
reference for all other tests to be compared against. As can be seen in the Table 2-5.1 the
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baseline measurements were done using ground potential on the collimator and the
deflector plates. The tests were run through the entire FOV, for each increment in the
energy range as discussed above. These tests were also run with and without the chicane,
also discussed above.
Ion Tests
A large number of negatively charged particles would impact the test results if
they are not taken into account as the detector itself has no way of discriminating against
different charged particles and neutrals. If negative ions are present in the beam they will
not register in the neutral background reading, the deflection field used to gather the
neutral background count will deflect negative ions as easily as positive ions. Negative
ions, if not deflected, will appear as background when running the analysis on ion
rejection tests. A test to observe the effect of chicane misalignment can be run by taking
measurements at the different beam energy levels and varying the potential field across
the chicane. A small deflection potential must also be present on the deflector plates in
order to see the difference between positive, negative, and neutral particles. Comparing
the tests with a non optimal potential across the chicane to the optimal tests should show
whether there is an increase in negatively charged particles due to impact with the
chicane structure.
To be sure no negative ions are present which could otherwise penetrate the
collimator potential another test is run where a small potential is applied to the deflector
plates. As the particles pass between the plates the positive ions will be deflected slightly
up, or down depending on the orientation, while any negative particles are deflected in
the opposite direction. Neutral particles are unaffected by the potential and remain on
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their original trajectory. This test can be used to verify that there are no appreciable
amounts of negative ions, or to discover the percentage of negative ions if they are
present.

Neutral Background
All tests inherently have some percentage of neutral background particles. To
gain an accurate count of the ions, and thus an accurate rejection ratio this neutral
background count must be measured and subtracted from the total particle count.
Measurements are taken with maximum deflection voltage to deflect all ions away from
the detector. This test gives a more accurate count of the neutral particles in the beam, as
well as the background particles within the chamber.

Ion Rejection
The tests run with the collimator at ground potential are designed to gather a
baseline particle count of the beam, in addition to showing the angular characteristics of
the collimators field of view. To get an accurate rejection ratio tests must be run with and
without voltage on the collimator. The full beam measurements include the ion
population as well as any high energy neutrals created from charge exchanging and any
background particles already in the chamber.
Tests run with lOkV on the collimator and -3.925kV on the rejection rings are to
exhibit how well the collimator repels by showing how many charged particles manage to
penetrate the collimator. The MCP detector has an upper detection limit of around 10
particles per second; this is due to the time it takes to register each particle (Section 1-3).
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For every particle that impacts the detector, there is some amount of dead time required
to for it to be registered. Once the number of counts per second begins to rise above the
maximum rate the likelihood of particles striking the detector during this dead time
increases. However, to accurately test the rejection ratios of the collimator it is required
to have the capability to measure ratios of better than 104. This is impossible given that
the typical background particle rate that must be ignored is on the order of 102 counts per
second. To counteract this problem the beam must be maximized for testing with voltage
on the collimator.
Maximum Count Tests
Due to the limitations of the detector, as described in section 2-4, it is necessary to
maximize the ion count for the analysis of the rejection ratio. This is accomplished by
comparing the baseline measurement with the maximum count measurement. The
maximization measurement is a two part measurement performed by first deflecting the
ions in the beam using a small potential placed across the deflector plates. A
measurement is taken with the beam at normal baseline strength, followed by a
measurement of the beam at significantly increased strength. The beam strength is
increased by opening the Iris (as described in section 2-4). Comparing these two
measurements against the baseline measurement a normalization factor for the beam at
maximum strength can be determined. The process of calculating and applying the
maximization measurements will be described in detail in section 2-6.
Maximizing the beam is accomplished using the deflection field to deflect the ion
portion of the beam to the edge of the detector. This limits the number of ions that hit the
detector to a measurable fraction of the total which can be calculated during data
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analysis. With only a percentage of the beam particles reaching the detector the iris can
be opened wider to allow more beam particles to stream into the chamber. Once the
number of particles reaching the detector is maximized the collimator can be turned on
and the voltage across the deflector plates can be removed allowing a full strength beam
ion rejection measurement. Measurements taken of the full beam and the partial beam
before and after the maximization can be analyzed to give the maximization rate. This
analysis will be dealt with in detail in the Section 2-6.
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SECTION 2-6: CALIBRATION ANALYSIS METHODS

Before the data can be studied and conclusions can be drawn first it must be
converted into a useful form for the analysis. The raw data consists of a two dimensional
array consisting of 3 columns of 65536 rows. Although most of these are hypothetical
channels as the actual grid of channels does not extend to the entirety of the file, as will
be discussed later. Each row represents one cell of a 256 by 256 grid of channels on the
micro channel plate detector. The first two columns represent the X and Y components
respectively for each channel, while the third column represents the number of particles
to strike that particular area of the detector. The Conversion software outputs this data to
a text file which can be read by programs using IDL. Once it has been converted it can
be analyzed to show how beam divergence affects FOV measurements, as well as the
effectiveness of the ion rejection.

Format Conversion
The testing process uses the Quantar imaging system to interface with the MCP
detector. This system outputs the test data in a format specific to the testing software.
The raw data is output as a quantar image file in the format of .MCA.
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Figure 2-6.9: Raw output imagefilewith outer edges trimmed to clean up the image plot. X and Y
axis simply represent the X and Y dimensions of the detector.
For analysis this data must first be converted into a format more useful for the calibration
software.
The calibration software developed for this round of tests is an integration
program written in IDL called CountReader.pro. This program was written with two
goals: first, to output the total number of particles per file summed over the entire image,
and second, to output the total number of particles in any specified region of the detector
as indicated by the blue overlay in figure 2-6.2.

68

Figure 10-6.2: Raw data plot with a circular overlay showing a specified region of interest. In this
case the peak particle density.

The input files to Countreader.pro must be in text format and thus must be converted
from MCA format using a conversion program, written by Lukas Saul. Copies of these
programs are included in the Appendix.
Particle Count Integration
The integration program reads in every text file within the specified folder. Each
folder represents a single test within a sweep of the collimator through its pitch angle
across the FOV, and each file in the folder represents a half degree variant in the pitch
angle of the collimator. The integration program returns the number of particles for each
file in the specified region of the detector. This region is set by the user before running
the program and can be used to focus on a particular region of the detector. It is
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important to note that the raw output data file is larger in area than the actual detector
surface (Figure 2-6.3).

Figure 2-6.11: Raw data plot with a rectangular overlay illustrating the approximate dimensions of
the physical MCP detector in relation to the data plot.

During testing the detector may output physically impossible counts due to detector
background that will be registered in the bottom left region of the data file as well as
along the perimeter. This is best illustrated in a 3D surface plot (Figure 2-6.4). These
counts may be due to electronic interference in the wiring of the detector, and this effect
can be minimized by using grounded structure to support the detector and minimizing the
wiring within the chamber. However, these counts do not disappear completely. Because
of their electronic origin and the impossibility of their location it is safe to eliminate them
from the analysis.
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Figure 2-6.12: Surface plot illustrating the large number of counts at (0,0). There is a notable
concentration near the center which represents the beam location on the detector.

When the outer edge of the image is removed, and the center rescaled, the true beam can
be seen.
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Figure 2-6.13: The same as Figure 2-6.4, only rescaled with the outer edge removed.

The range of values commensurate with the actual detector surface does not extend over
the entire range possible in the data file (Figure 2-6.3). Therefore, counts that fall outside
the physical size of the detector cannot be actual particles. Because the source of these
counts is not readily eliminated, in order to accurately test the collimators attributes these
counts must be ignored. This is easily accomplished using the region of interest to trim
the perimeter from each file, as illustrated in Figure 2-6.5.

Analysis of the collimator Tests
Beam Divergence and FOV
The Countreader program is capable of outputting results based on any portion of
the file you wish to examine. This attribute was used to study the effect of beam
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divergence upon the FOV parameters. If the beam is very divergent is effect needs to be
taken into account when analyzing FOV measurements. The particles on the outer
fringes of the beam are not coming through the collimator in a straight line but at a small
angle (Figure 6).

Ion
Accelerator
•"T=C

Figure 2-6.14: Illustration of small angle divergent beam. Rather than a pencil beam, it becomes
wider.

A divergent beam will widen the FOV parameter and stunt the peak slightly. This
affect would widen the FWHM measurement. The Count Reader program's region of
interest selection can be used to examine the very center of the beam on the data file
(Figure 2-6.2), effectively throwing out all those particles that are not within a specified
angular range. Then, by expanding the field of view in the data file the number of
particles counted will include those which come through the collimator with a wider
angular range (Figure 2-6.7).
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Figure 2-6.15: Plot with overlays illustrating the regions of interest for the divergence measurements.
Subtracting the number of purely straight particles from this total gives the differential
angular distribution. The number of particles/area at the center of the beam can then be
compared to the number of particles/area in the divergent region. The resulting angular
distribution can be used to see how beam divergence affects our measurements of the
collimator's angular FOV characteristics. The number of particles per area varied from
test to test due to fluctuations in beam efficiency for the different beam energies.

Ion Rejection
The main objective of retesting the collimators capabilities was to get a more
quantitative measure of the ion rejection rate. The collimator rejection rate is found by
taking the adjusted baseline ion count rate and dividing it by the ion count rate taken with
the rejection potential applied to the collimator. As discussed in Section 2-5, the baseline
ion count rate must be adjusted using the maximization factor, which is found by
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maximizing a partial beam to the peak of the detectors efficiency, and then comparing the
counts per area of the beam with the same area of the normal beam.
The maximization factor is found by first taking a measurement of the full beam
(Figure 2-6.8).

Y-axis

Figure 2-6.16: Image of the full beam, with an approximate two dimensional cut across the peak
(represented in the first image by a solid line).

Note the actual 2D cut of the beam has a much more narrow peak (Figure 2-6.9). The
schematic 2D cut has been widened for illustrative purposes.
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Figure 2-6.17: 2 dimensional cut across the actual peak of the beam.

A potential is then put in place across the deflector plates mounted to the motion table
behind the collimator (Section 2-3) This is to bend the beam so only a portion of it can
be read by the detector (Figure 2-6.10)

Figure 2-6.18: Illustration of the deflection of the beam so only the bottom portion can be visible by
the detector.
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Figure 2-6.19: 2D representation offigure2-6.10.
As can be seen in Figure 2-6.11 the partial beam only includes a specific percentage of
the total ion count present in the beam. The iris is then opened to allow more particles
into the chamber.

Peak at 50 counts
Peak at 150 counts

Narrow Ins
Open Ins

Figure 2-6.20: Illustrating how the beam widens and gets stronger when the iris is opened.
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Figure 2-6.21: 2D representation of the effect of opening the iris to the beam profile.

The beam is wider and stronger with a higher total number of ions, but also a much
higher number of neutral particles as evidenced by the noise in figure 2-6.12, compared
to the ambient neutrals before the iris was opened. These neutral particles must be
neglected to calculate the true maximization factor, so measurements of the background
neutrals were taken in each instance by deflecting the ion beam completely off the
detector. The number of neutrals measured then can be subtracted from the partial beam
measurements leaving only the ion count. The fore-mentioned beam divergence method
described above can be used to develop a profile of the full beam prior to the opening of
the iris. By comparing the relevant portions of the beam profile to the partial beam before
and after opening the iris a new profile can be developed for the widened beam.
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Figure 2-6.22: 2D illustration of the creation of the new beam profile using previous peak.

This field can be simplified by averaging the percentage increase per unit area and then
multiplying total counts by this number.
This method of maximization returns a minimum normalization factor for the
maximized beam, which translates into a minimum rejection ratio as obtained from the
measurement. The peak likely also increases when the iris is open, however, since the
peak is not directly measured through this method it is considered prudent to conduct the
maximization keeping the previous peak. This ensures that the rejection ratio is a
minimum ratio. Should the maximized peak be higher in reality, the rejection ratio can
only improve.
The full beam measurements are adjusted using the maximization factor and then
can be analyzed and compared to the neutral background readings. The background
neutral counts, as measured with the deflection potential in place, are subtracted from the
total beam counts after adjustment. The adjusted full beam scan over the FOV can then
be plotted (Figure 2-6.15).
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Figure 2-6.23: FOV scan for a 9kV adjusted beam. With the X-axis representing the angle of the
collimator from horizontal, and the Y-axis representing the adjusted count total per half degree
measurement.

To better illustrate the rejection ratio of the collimator the results must be shown
on a logarithmic scale. On this scale (Figures 2-6.16 and 2-6.17) it can be clearly seen
that for beams with energies of lOkV and 9kV the ion rejection ratio is greater than 10M.
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Figure 2-6.24: 9kV Beam Ion Suppression comparison shown in Log-scale
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Figure 2-6.25: lOkV Beam Ion Suppression comparison shown in Log-scale
By integrating over the scan with potential on the collimator, and dividing that by
the integration over the scan of the full beam the ion rejection ratio can be computed. For

the higher energy beams, such as the 11 kV beam, the ion rejection ratio decreases as
expected (Figure 2-6.18).
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Figure 2-6.26: llkV Beam Ion Suppression comparison shown in Log-scale
By plotting the rejection ratio with respect to beam energy it can be seen how the
capability of the collimator to repel ions decreases greatly for particle energies above
lOkV (Figure 2-6.19).
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Figure 2-6.27: Ion Suppression ratio of the collimator as a function of beam energy.
Conclusion:
In order to verify the required high ion rejection capability of the collimator
several steps are taken in processing the data. For each beam energy, readings are taken
with and without rejection voltage on the collimator, as well as with and without the
potential field across the deflector plates that were introduced as additional diagnostics.
The measurements with the potential across the deflector plates give the number of
neutral particles and background particles that are reaching the detector. This is then
subtracted from the measurements with the collimator rejection voltage on and off. The
data from the collimator measurements taken with and without rejection voltage are then
compared to see how effective the rejection ratio is.
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CHAPTER 3

CONCLUSIONS

The main purpose of the retest of the collimator is to gain a better assessment of its
ability to repel ions with energies up to lOkeV. Previous testing provided unsatisfactory
ion rejection ratios which if proved valid would greatly impede the IBEX mission. The
most plausible theory for the higher than expected rejection ratio in previous tests is a
higher than expected concentration of neutral particles during the testing procedure. For
this reason an ion deflection field was placed behind the collimator during retesting. The
ion deflection field allows for a more accurate measure of neutral particles. With a more
accurate count of neutral particles a more accurate rejection ratio can be obtained.
Secondary objectives of retesting the collimator include testing the effectiveness of
the chicane, testing the effect of beam diffusion on FOV measurements, and to test for
the presence of negative ions. All of these would affect the ion rejection ratio.
The result from this round of testing was positive. As can be seen in Figure 2-6.19,
the collimator performs within satisfactory parameters for flight operation. The repelling
voltage applied to the collimator limits the ion particle throughput to under 0.01 %. This
conclusion is made more compelling by the method of beam maximization. The method
used during testing allowed for only a maximum throughput measurement as explained in
detail in section 2-6. The implication of this, along with the satisfactory results of the
testing, is the collimator performed within the desired parameters with a rejection ratio of
greater than 10M.
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The retest yielded an opportunity to test the effectiveness of the chicane when
trying to eliminate neutral particles. The purposes of the chicane is to guide the ions
through a pair of ESA's which will eliminate the majority of neutral particles. As
discussed, the chicane may also create neutral particles and even some negative ions.
The retest did not show conclusive evidence as to the creation of new neutral or negative
particles at the chicane surface.
The retest also gives an opportunity to examine the effect of beam divergence
upon the FOV measurements. The method used to evaluate the data is detailed in section
2-6. The results of which were determined to be inconsequential to this round of testing.
This was determined because of the lack of beam divergence when compared to previous
tests.
The final objective was to test for the presence of negative ions. Negative ions
would be of much higher energies than the electron rejection potential would repel, and
thus would penetrate the collimator repelling voltage. The results ofthe analysis showed
that negative ions could not be singled above the natural background count. If they are
present they are not in great enough numbers to be significant during testing.
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APPENDIX

********************************************
* Countreader.pro
*
written by:
*
Steve Zaffke
*
summer, 2007
*Purpose:
*
Countreader.pro reads in all the
*
txt files in its directory and
*
returns an Excell file with the
*
list of each files total count.
********************************************

*

pro Countreader
;close any open files
close,3,2,1
;load all files in the directory
filename=findfile ( '*.txt')
openw,1,'Counts.xls'
openw,3,'Names.xls'
;FL is the total number of files in the directory
;
being read.
FL=n__elements (filename)
print,FL
;open the output file

;set the counter, i, to zero and begin for loop.
; each time through the loop, the counter reads the
; next file.
i=0
name=1700
for k=0,FL-l do begin
print,k
;open the file to be read
openr,2,filename(i)

line = '' & READF, 2, line

;Read the first line.

;set variables
x=float (0)
y=float (0)
count=float(0)
area=make_array(256,256)
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;begin while loop, to read and store the data in a 2D array
while not EOF(2) do begin
readf,2, ' (a4,a8,al2) ',y,x,count
area(y,x)=count
endwhile

;extract the correct size of area, trimming the outer edges
newarea=extrac(area,65,65,128,128)
/total the count of ions and print it to the output
n=total(newarea)
printf,3,filename(i)
printf,1,n
;plot the cropped area to an output .ps file
;filenameplot=string('\Plots\',name,'.ps')
;set_plot, 'ps'
;device, filename=filenameplot,/landscape
/surface, newarea
;device,/close
;set_plot, 'win'
/increment the counter and close reading file
i=i + l
close, 2
name=name+5
;end the for loop
endfor
/once the for loop has finished, close the writing file
close, 1
print,'Program Finished'
end

JAVA CONVERSION PROGRAM:

import java.util.StringTokenizer;
public class MCAJ_image {
public MCAJ_image(String filename)

double[] xArray = new double [256];
double[] yArray = new double[256];
for (int i=0; i<256; i++) {
xArray[i]=(double)i;
yArray[i]=(double)i;
}
doublet] zArray = new double[256*256];
for (int i=0; i<zArray.length; i++) zArray[i]=0;
file f = new file(filename);
f.initRead();
String line = f.readLine(); // garbage - header
int index = 0;
while ((line=f.readLine())!=null) {
int x=0;
int y=0;
int num=0;
StringTokenizer st = new StringTokenizer(line);
try{
x = Integer.parseInt(st.nextToken());
y = Integer.parseInt(st.nextToken());
num = Integer.parseInt(st.nextToken());
}
catch (Exception e) (e.printStackTrace();}
//if (x>82 & x<170 & y>82 & y<170)
zArray[index]=num;
index++;
}
System.out.println("index: " + index + " zArray.length: " + zArray.length);
/*

int index = 0;
for (int NO; i<x.length; i++) {
x[i]=(tpTimes[i]-GOODS)/24.0/60.0/60.0;
for (int j=0; j<y.length; j++) {
y[j]=tpHist[i]. label []];
if (tpHist[i].data[j]==0) z[index]=0.0;
else {
z[index]=tpHist[i].data|j];
//o("nonzero z: " + z[index]);
}
index++;
}
}*/

//o("building jcolorgraph in doTP..");
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//
//
//

JColorGraph jcg;
jcg = new JColorGraph(x,y,z,false);
else jcg = new JColorGraph(x,y,z);

JColorGraph jcg = new JColorGraph(xArray,yArray,zArray,true);
String unitString = "Counts";
//if (histType == "Flux") unitString = "Diff. Flux (l/cm A 2/s/sr/keV)";
//if (histType == "Distribution Function") unitString = "Dist. Function
(sA3/kmA6)";
//if (histType == "Log Distribution Function") unitString = "log Dist.
Function (sA3/kmA6)";
jcg.setLabels("Quanta Image","2006",unitString);
jcg.run();
jcg.showIt();
}
public static final void main(String[] args) {
MCAJ_image m = new MCAJ_image(args[0]);
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